
         
 

 

           
 

       
       
       

      
        

     
        

        
      
      

     
        

       
        

      
       

      
    

 

       
        

       
         

       
     

      
       
    

        
      
       

        
     

     
  

      
         

       
       

     
         

       
       

     
         

      
     

      
        

    
  

         
          

       
       

        
     

       
      

   
         

        
        

      
    
       

          
      

     
         

       
            

  

         
      

          

Reversible Modulation of the Cr3+ Spin Dynamics in Colloidal SrTiO3 

Nanocrystals 
William L. Harrigan and Kevin R. Kittilstved* 

Department of Chemistry, University of Massachusetts Amherst, 710 N Pleasant St, Amherst, MA, 01003, USA 
Supporting Information Placeholder 

ABSTRACT: The spin relaxation dynamics of Cr3+ substitu-
tional dopants in ~10-nm colloidal SrTiO3 nanocrystals 
(NCs) has been studied by variable-temperature electron 
paramagnetic resonance (EPR) spectroscopy and continuous 
wave EPR power saturation measurements between 4.2 K 
and 50 K. The presence of self-trapped electrons introduced 
by anaerobic UV irradiation (photodoping) is able to effec-
tively accelerate the spin relaxation dynamics of localized 
spins of Cr3+ through a cross-relaxation process. The extra 
electrons introduced during photodoping trap on Ti-sites 
creating Ti3+ defects with EPR transitions that are only ob-
served at cryogenic temperatures due to fast spin-lattice re-
laxation. The change in the spin relaxation upon photodop-
ing the Cr-doped SrTiO3 NCs is totally reversible upon 
opening the sample to air. This result provides a novel strate-
gy to modulate spin dynamics in individual NCs using pho-
tons where long-lived spins on dopant ions couple to the fast-
relaxing spins from metastable, transient defects. 

INTRODUCTION 

Control over either the individual or collective behavior of 
spins in semiconductor nanomaterials is a grand challenge 
for the field of quantum information processing.1-3 One class 
of materials that shows promise for this technology are the 
diluted magnetic semiconductors (DMSs) where a fraction 
of the diamagnetic cations of the host lattice are substituted 
with paramagnetic dopant ions. The exchange interaction 
between spatially-confined charge carriers such as excitons or 
conduction band electrons (ecb 

- ) and paramagnetic centers in 
nanoscale DMSs has been exploited to produce new magne-
to-optical phenomena such as excitonic magnetic polarons.4 

However, traditional II-VI based DMS-QDs have isovalent 
dopants and do not possess appreciable n- or p-type carriers. 
The Fermi-level must therefore be modulated through incor-
poration of heterovalent dopants or reduction of the DMS-
QD. 

Previous work on colloidal semiconductor NCs demon-
strated that electrons can be reversibly added to the conduc-

tion band by appropriate chemical reductants5 or "photodop-
ing" with UV photons in the presence of a sacrificial reduct-
ant under anaerobic conditions.6-8 The introduction of chem-
ically-stable ecb 

- into colloidal QDs by aliovalent doping has 
received increasing attention after the demonstrations of 
tunable localized surface plasmon resonances (LSPR) in 
Al3+-doped ZnO (Al3+:ZnO) QDs and Sn4+:In2O3 NCs. Re-
cently, the ability to modulate the carrier concentration of 
colloidal DMS-QDs has been shown to produce interesting 
effects in DMS-QDs including carrier-controlled magnetism9 

and spin dynamics,10 and supercapacitance.11 

We recently reported the synthesis and characterization of 
Cr3+-doped SrTiO3 colloidal NCs.12 Through dopant-specific 
spectroscopic methods (including EPR, electronic absorp-
tion and emission), we confirmed that Cr3+ ions substitute at 
the Ti4+ site in the cuboidal NCs with ~10 nm edges. Herein, 
we present evidence that the spin dynamics of Cr3+ ions in 
colloidal SrTiO3 NCs are extremely perturbed after photo-
doping, which does not produce ecb de-- , but localized Ti3+ 

fects. These “self-trapped electrons” at Ti3+ defects are con-
firmed by electronic absorption and continuous-wave (CW) 
electron paramagnetic resonance (EPR) spectroscopy and 
can be completely removed upon aerobic oxidation. The 
drastic change of the Cr3+ spin dynamics is evident even at 
room temperature by the disappearance of the Cr3+ EPR sig-
nal upon photodoping. We confirm the origin of this effect 
by performing EPR measurements as a function of tempera-
ture and power saturation rollover experiments between 4 K 
and 50 K. We invoke a cross-relaxation mechanism between 
localized Cr3+ and Ti3+ in photodoped SrTiO3 to explain the 
EPR results. This study establishes a new type of dopant-
defect interaction that is (1) enhanced by spatial confine-
ment of charge carriers in NCs, and (2) unique to metal ox-
ides with conduction band minima that are comprised of 
empty d orbitals (d0 metal oxides such as TiO2 and SrTiO3). 

RESULTS AND DISCUSSION 

Figure 1 shows the electronic absorption spectra of SrTiO3 

and nominally 0.1% Cr:SrTiO3 colloidal nanocrystal anaero-
bic suspensions in hexanes as a function of UV irradiation 

http:supercapacitance.11


          
     

         
    

       
       

      
      
    

       
         

       
        

      
       

       
        

     
         

   

 
        

         
        

        
           
            
            

        

         
        

    
      

       
           

         
         

          
        

        
          

       
           

    
      

        
       

       
        

        
   
         

          
        
          

       
      

         
        

 
         

     
   

          
        

         
      

       
     

        
      

         
      

          
       

        
        

          
        

           
         
        

      
    

 

 
 

 

  
  
  
 

 

time using a 75 W Xe lamp. The electronic absorption spec-
tra of the as-prepared samples are dominated by the SrTiO3 

band gap transition above 3.2 eV. The Cr:SrTiO3 NCs display 
a broad, weak transition that extends throughout the visible 
region and has been assigned in bulk Cr:SrTiO3 as a metal-
to-ligand charge transfer (MLCT) transition involving Cr3+ 

as the metal and the conduction band (empty Ti4+ 3d orbit-
als) as the ligand.13 With increasing photodoping time, the 
spectra change and the physical appearance of the NCs 
change from transparent or light yellow to dark blue. This 
change in color is accompanied by a new feature in the elec-
tronic absorption spectrum centered at ~1.4 eV (~900 nm). 
This feature has been observed previously in reduced titani-
um oxides14-16 and photodoped colloidal TiO2 

nanoparticles.17-20 This new transition originates from the 
excitation of trapped electrons at Ti3+ centers to the SrTiO3 

conduction band (also known as a metal-to-metal charge 
transfer transition, MMCT). Similar to photodoped TiO2, 
the near-IR transition does not shift in energy with increas-
ing photodoping time, but does increase in optical density. 
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Figure 1. Electronic absorption spectra of air-free (a) SrTiO3 

and (b) 0.1% Cr:SrTiO3 suspensions in hexane collected after 
different UV irradiation times. The spectra collected before 
irradiation (black line), and after irradiation at 0.05tf (blue line) 
and tf (purple line) are highlighted by colors. The spectra taken 
after reopening the cuvette to air is also shown (dashed red line). 
The tf is arbitrarily defined as the time needed for the MMCT 
transition to reach an optical density equal to 0.87. 

In pristine SrTiO3, a weak, broad feature appears at 430 nm 
after short photodoping times (see Figure 1a), but disappears 
or becomes occluded by the intense MMCT transition that 
grows in at longer photodoping times. A similar visible ab-
sorption feature has been observed and assigned to transi-
tions from the valence band to oxygen vacancies (VO) in bulk 

21-22 SrTiO3. Notably, this feature is not observed for the 
Cr:SrTiO3 NCs after similar photodoping times likely due to 
the stronger MLCT transition. We also looked in the mid-IR 
region, but photodoping does not appear to produce LSPRs 
such as those recently been reported for Nb-doped TiO2 (see 
SI).23 In addition, the band edge absorption does not shift 

with photodoping that further supports the self-trapping 
model for the electron and not as a delocalized ecb 

- , which 
should display a significant blue-shift of the band edge ac-
cording to the Moss-Burstein effect if electrons accumulate in 
the conduction band.23 Figure 1 shows that photodoping 
ultimately creates localized Ti3+ defects in both NCs that are 
consistent with previous studies on TiO2 nanoparticles.17-18,24 

These electronic structure changes are also totally reversed 
upon reoxidizing the samples with air as shown in Figure 1. 

The Cr3+-centered d-d transitions are too weak to be ob-
served in the spectra shown in Figure 1b. We therefore uti-
lized EPR spectroscopy to confirm that Cr is trivalent and 
also monitor any changes in the Cr3+ signal upon introduc-
tion of Ti3+ defects in the Cr:SrTiO3 NCs. EPR spectra were 
collected under the following conditions: (1) Cr:SrTiO3 

NCs before and after photodoping at room temperature, (2) 
Cr:SrTiO3 and SrTiO3 NCs after photodoping as a function 
of sample temperature and (3) microwave power at low tem-
peratures. 

The EPR spectra and color photographs of the colloidal 
Cr:SrTiO3 NCs before and after photodoping at room tem-
perature are shown in Figure 2. As previously reported,12,25 

Cr3+ in SrTiO3 exhibits an isotropic EPR signal at g = 1.978 
(Bo ~347 mT in Figure 2) which is consistent with substitu-
tional doping of Cr3+ in the octahedral Ti4+ site of SrTiO3. 
This signal corresponds to spin-allowed EPR transitions 
within the 4A2 ground state of Cr3+. The expected 4-line hy-
perfine pattern from 53Cr3+ ions (relative abundance, rel. ab. = 
9.5% with a nuclear spin of I = 3/2) is occluded by the inho-
mogeneously broadened central transition of the nuclear-
spin free 52Cr3+ isotopes (rel. ab. = ~84%). After photodop-
ing, however, the Cr3+ EPR signal disappears completely at 
room temperature and the solution appears blue due to the 
MMCT transition shown in Figure 1 and in the color photo-
graph in Figure 2. Both the color of the sample and the Cr3+ 

EPR signal reverts quantitatively to its original intensity upon 
reopening the sample to air. In addition, upon reoxidation a 
new feature at ~343 mT (g ~2.009) is clearly observed that 
we attribute to the reaction of Ti3+ with molecular O2 to re-
generate Ti4+ and form superoxide ions (O-

2) at the NC sur-
face. We recently observed this same defect-related signal in 
nominally undoped SrTiO3 NCs that were prepared in the 
absence of hydrazine.12 

http:hydrazine.12
http:ligand.13
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Figure 2. Room-temperature EPR spectra of 0.1% Cr:SrTiO3 

NCs in hexanes before (red) and after anaerobic photodoping 
(black), and after reoxidation (purple). Corresponding color 
photographs of representative Cr:SrTiO3 samples in EPR tubes 
is included to the right of each EPR spectra. 

The disappearance of the Cr3+ EPR signal in photodoped 
0.1% Cr:SrTiO3 could be explained by (1) the formation of a 
new EPR-silent Cr3+-defect complex, (2) a change in the Cr3+ 

oxidation state, or (3) a possible interaction between Cr3+ 

and the paramagnetic Ti3+ defects, which typically requires 
low temperatures to observe by EPR due to fast spin-lattice 
relaxation dynamics. To evaluate which scenario was likely 
operative in the photodoped Cr:SrTiO3 NCs, we measured 
EPR spectra at various temperatures down to 4.2 K. The EPR 
spectra of photodoped Cr:SrTiO3 at various temperatures 
down to 77 K and photodoped SrTiO3 at 4.2 K are shown in 
Figure 3. In the photodoped Cr:SrTiO3 sample, we see the 
appearance of two broad signals that increase in intensity 
with decreasing temperature. The main feature is observed at 
~347 mT (g = 1.978) and assigned to substitutional Cr3+ (see 
Figure 2), while the second signal at ~355 mT (g = ~1.95) is 
asymmetric and is assigned to self-trapped electrons located 
at Ti3+ defects.26 This assignment of the Ti3+ signal is con-
firmed by the 4.2 K spectrum of photodoped SrTiO3 also 
shown in Figure 3. Upon warming the photodoped 
Cr:SrTiO3 to room temperature, we note the reappearance of 
a minor EPR signal from Cr3+ that we attribute to a small 
amount of air that was introduced through the low-pressure 
valve on the EPR tube during the thermal cycling. 
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Figure 3. Variable-temperature EPR spectra collected on pho-
todoped 0.1% Cr:SrTiO3 NCs and 4.2 K spectrum of photodo-
ped SrTiO3 NCs. The spectra for photodoped Cr:SrTiO3 were 
collected first at 295 K (red), and then decreased to 130 K 
(green) and 77 K (blue) followed by warming the sample again 
to 295 K (black dotted). 

The behavior of the Cr3+ EPR signal in the photodoped 
Cr:SrTiO3 NCs at various temperatures supports scenario 3 
discussed above where the localized spins of Cr3+ are strongly 
interact with Ti3+ defects. We performed power saturation 
rollover studies with various microwave powers on 
Cr:SrTiO3 NCs before and after photodoping, and photodo-
ped Cr:SrTiO3 NCs to confirm the effect of Ti3+ on the Cr3+ 

spin dynamics. Representative CW-EPR spectra of these 
three samples at various microwave powers and 4.2 K are 
shown in Figure 4. The EPR intensity for Cr3+ in the as-
prepared Cr:SrTiO3 sample and Ti3+ in the photodoped 
SrTiO3 NCs is defined as "Y, which is taken as the difference 
in the positive and negative #" values. For the overlapping 
Cr3+ and Ti3+ EPR signals in the photodoped Cr:SrTiO3 

NCs, we define the EPR intensity by the maximum positive 
#" and maximum negative #" values, respectively. The Cr3+ 

EPR signal in the Cr:SrTiO3 NCs before photodoping in-
creases to a maximum peak intensity at ~8 mW before de-
creasing and broadening at higher powers. In contrast, the 
EPR signal of Ti3+ in photodoped SrTiO3 NCs steadily in-
creases without saturating even >200 mW. The EPR signals 
for both Cr3+ and Ti3+ in the photodoped Cr:SrTiO3 NCs 
display behavior similar to the Ti3+ defects in photodoped 
SrTiO3 NCs; continuously increasing without saturating with 
increasing microwave power. These spectra confirm that the 
spin dynamics of the Cr3+ dopants are efficiently modulated 
by the presence of Ti3+ defects. 

3+ 3+
as-prepared Cr :SrTiO3 photodoped SrTiO3 photodoped Cr :SrTiO3 

!"
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0.64 mW 

(a) (b) (c) 

4 K 

Figure 4. Representative CW-EPR spectra of (a) as-prepared 
Cr:SrTiO3, (b) photodoped SrTiO3, and (c) photodoped 
Cr:SrTiO3 NCs at 4.2 K (frozen suspension) and selected mi-
crowave powers. Definitions for the signal intensities for the 
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different EPR-active species in the different sets of spectra are 
included graphically in the panels. 

The EPR signal intensities ("Y or |Y|) at 4.2 K of the Cr3+ 

or Ti3+ ions in the different samples in Figure 4 are plotted as 
a function of microwave power (h1, converted to Gauss 
units) in Figure 5. For Cr:SrTiO3 NCs before photodoping, 
the Cr3+ intensity exhibits typical saturation and rollover 
behavior; increasing steadily with increasing power until sat-
urating at h1 ~0.06 G and then decreasing with increasing h1. 
The temperature dependence of this saturation behavior for 
the Cr3+ signal in Cr:SrTiO3 NCs before photodoping shows 
a steady increase in the saturation power with increasing 
temperature (see SI). However, the peak intensities of Ti3+ in 
photodoped SrTiO3 and Ti3+ and Cr3+ in photodoped 
Cr:SrTiO3 both increase with increasing microwave power, 
but do not saturate even at 4.2 K. 

The data in Figure 5 were used to estimate the magnitude 
of the total spin dynamics according to eq 1. 

The values of P2 obtained from the experimental fits to the 
power-dependence of the EPR intensities are plotted as a 
function of temperature in Figure 6. The relaxation dynamics 
of the Cr3+ spins increase by at least a factor of two below 50 
K when Ti3+ defects are also present in the NC. In addition, 
the Ti3+ relaxation dynamics show an even larger increase in 
the photodoped SrTiO3 NCs when Cr3+ is present. This latter 
result could be caused by the relative distributions of Cr3+ 

dopants and Ti3+ defects in the ensemble of SrTiO3 NCs. 
Furthermore, the density, speciation, and proximity of Ti3+ 

defects to surfaces, other Ti3+ centers and Cr3+ dopants is 
largely unknown. 

While there is variability in the temperature dependence of 
the spin relaxation, the trend is consistent with regards to 
temperature and relaxation rates: (1) the relaxation rate is 
slowest for Cr3+ in SrTiO3 NCs before photodoping and in-
creases upon photodoping; and (2) the Ti3+ relaxation rate 
increases with the presence of Cr3+. 

67 
!" $% &"& ' ( ) *+ ,- . /012

3
5 (1a) 

43 

P2 = ($e
2T1%T2)−1 (1b) 

where c is a scaler and & is a measure of line homogeneity. 
P2 is proportional to the product of the spin-lattice and spin-
spin relaxation rates (1/T1 and 1/T2, respectively), and $e is 
the electron gyromagnetic ratio (see eq 1b). 
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Figure 6. Temperature dependence of P2, for Cr3+ (circles) and 
Ti3+ (squares) in before (open) and after (filled) photodoping 
either Cr:SrTiO3 or SrTiO3 NCs. Both signals have an increase 
in the spin dynamics overall relaxation rates increase when Ti3+ 

is present in the lattice. Lines are guides to the eye. 

Systematic studies of spin relaxation rates of isovalent Cr3+ 

and Ti3+ in Al2O3 date back to the early 1960s.27-28 Prokhorov 
first demonstrated that the spin-lattice relaxation times of 
(Al1−xMx)2O3 differ by many orders of magnitude at cryogen-
ic temperatures for M = Cr3+ or Ti3+. Spin-lattice relaxation 
times at 4.2 K for Cr:Al2O3 is ~50 ms, whereas for Ti:Al2O3 

T1 = ~0.1 ms.27 These reported times are also sensitive to 
Figure 5. (a) Normalized CW-EPR intensities ("Y or |Y|) as a 
function of incident microwave power (h1) at 4.2 K for Cr3+ 

(red) and Ti3+ (blue) EPR signals in the following samples: Cr3+ 

in as-prepared Cr:SrTiO3 (empty circles), Ti3+ in photodoped 
SrTiO3 (empty squares), and the Cr3+ and Ti3+ signals in pho-
todoped Cr:SrTiO3 (filled circles and squares, respectively). The 
dashed curves through the data points are best fits to eq 1a 
(shaded regions are error bars on the fits). 

temperature and dopant concentration (self or resonant 
cross-relaxation).28 Here, the difference in P2 between Cr3+ in 
Cr:SrTiO3 NCs and Ti3+ in photodoped SrTiO3 NCs is much 
smaller than in Al2O3. This deviation is possibly due to the 
polaronic nature29-30 of the self-trapped electron of Ti3+ in 
SrTiO3 versus the localized 3d1 Ti3+ ion in Al2O3. Studies to 
address the effect of the Cr3+:Ti3+ ratio on the spin relaxation 
dynamics are currently underway. 

http:cross-relaxation).28


         
         

       
         

         
   

      
          

           
             

           
       

         
        

          
     

           
       

 
  

     
      

       
         

           
          

        
         

      
      

   
    

        
         

      
      

          
      

         
        

       
           

       
      

       
   

 

         
         
      

         
         

       

        
         

      
     

    
      

         
      

       
          

         
       

        
       

  
      

 

  

  
          
   

    
 

  

 
  

 
    

  
        

 

 
       

 

        
 

 
           

          
       

    
         

         
            

       
       

            
       

   
      

   

In the absence of pulsed EPR measurements to directly de-
termine relaxation rates, we estimated T2 by analysis of the 
EPR linewidth. The EPR spectra of Cr3+ in Cr:SrTiO3 before 
photodoping at 4.2 K and microwave powers well below satu-
ration were fit to the first-derivative of a pseudo-Voigt line 
profile (linear combination of a Lorentzian and Gaussian 
function). For Cr3+ in Cr:SrTiO3 before photodoping, the 
Lorentzian linewidth is found to be ΓL = 6.4 G (see SI), 
which equates to T2 ≈ 18 ns by the relation,31 T2 = 2/(geΓL). 
This value of T2 at 4.2 K is similar to reported values for Cr3+ 

in bulk Al2O3.32 Using eq 1b and the experimental P2 value, 
T1 ≈ 150 µs. A strong concentration-dependence results in a 
range of T1 values between 170 µs and 110 ms for Cr3+ in 
bulk Al2O3 at 4.2 K.32-33 A similar study of the concentration 
dependence of T1 has not been performed for Cr3+ in bulk 
SrTiO3, but for a Cr concentration of 0.05% the value at 4.2 K 
is T1 ≈ 1-5 ms.34 The faster spin-lattice relaxation of the Cr3+ 

dopants in SrTiO3 NCs before photodoping could arise from 
heterogeneity in dopant location and proximity to NC sur-
faces.35 

Unfortunately, accurate deconvolution of the linewidths 
for the photodoped Cr:SrTiO3 samples were complicated 
due to the overlapping signals of Cr3+ and Ti3+. If we assume 
that the T2 value of Cr3+ is unchanged after photodoping, 
then we estimate an accelerated T1 ≈ 70 µs for the Cr3+ do-
pants in photodoped Cr:SrTiO3 NCs at 4.2 K. Prior studies 
of cross-relaxation in Cr3+,Ti3+ codoped Al2O3 have similar 
reductions in T1-values of the Cr3+ dopants at low tempera-
tures when Ti3+ is present.28 

Previously, some of us demonstrated the introduction of 
Ti3+ defects could also be achieved in bulk Cr3+-doped 

36-37 Af-SrTiO3 (and related Sr2TiO4) powders using NaBH4. 
ter this chemical reduction, the Cr3+ concentration increases 
by an order of magnitude according to quantitative EPR 
measurements due to the reduction of EPR-silent Cr species 
to Cr3+ prior to formation of Ti3+ defects. No such increase in 
the Cr3+ EPR signal is observed at the start of photodoping 
(see SI). In addition, the EPR linewidth of Cr3+ significantly 
broadens after lattice Ti3+ defects are formed. We tentatively 
attributed this broadening to a magnetic interaction between 
Cr3+ and Ti3+, however, we were limited due to inhomogene-
ous distributions of Ti3+ and VO in the bulk material. This 
clear interaction in the current study suggests that similar 
broadening through cross-relaxation is also active in the re-
duced Cr:SrTiO3, but the Ti3+ defects are limited to the (sub-
)surface layers of the bulk powders. 

CONCLUSIONS 

We report the efficient and reversible modulation of the 
spin relaxation of Cr3+ dopants in colloidal SrTiO3 NCs. This 
spin phenomenon results in the disappearance of the Cr3+ 

EPR signal at room temperature and can reappear either by 
(1) reoxidizing the Ti3+ defects in the NCs with air, or (2) 
lowering the sample temperature. The latter scenario also 

confirms the presence of paramagnetic Ti3+ defects. Power 
saturation rollover experiments at 4.2 K confirms the origin 
of the accelerated spin relaxation of Cr3+ in photodoped 
Cr:SrTiO3 to an efficient, near-resonant, cross-relaxation 
involving Ti3+ defects. 

While similar cross-relaxation processes are evident be-
tween the Cr3+ and Ti3+ defects these SrTiO3 NCs and similar 
bulk lattices, these changes are quantitatively reversible by 
using only UV photons and mild oxidants. The facile genera-
tion of many Ti3+ defects within a single SrTiO3 NC via pho-
todoping ensures that every Cr3+ dopant is in spatial proximi-
ty for near-resonant cross-relaxation processes to dominate 
the Cr3+ spin dynamics even at room temperature. This dis-
covery introduces an interesting spin-based phenomenon in 
colloidal semiconductor NCs. We are currently investigating 
the generality of cross-relaxation to other EPR-active isova-
lent and heterovalent dopants in SrTiO3. 
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